Gene expression suggests decoupled dorsal and ventral segmentation in the millipede Glomeris marginata (Myriapoda: Diplopoda).
Introduction
In terms of both the number of species and the number of individual animals the arthropods are the dominating metazoan group on our planet. Their morphological diversity contributed to their successful conquest of virtually every habitat. The body of all arthropods is subdivided into segments. Segmentation, therefore, is a reasonable target for comparative developmental studies with the goal of identifying conserved and derived aspects of this process.
The genetic basis and developmental mechanisms of body segmentation are studied in great detail in Drosophila melanogaster. Most of the ventral epidermis of the fruit fly is subdivided into segments by a hierarchic segmentation gene cascade (reviewed in Rivera-Pomar and Jäckle, 1996; Klingler and Tautz, 1999) . The earliest steps in this cascade are initiated by maternal factors deposited in the egg (Carroll et al., 1986) , such as the gene products of the bicoid, hunchback, nanos, and caudal genes (e.g. Driever and Nüsslein-Volhard, 1989; Simpson-Brose et al., 1994) . The environment created by these maternal factors then activates a set of early zygotic genes, termed gap genes (Gaul and Jäckle, 1990; Hülskamp and Tautz, 1991) . These include genes like Krüppel, knirps and giant and they delimitate broad, but distinct domains along the anterior-posterior (AP) axis of the Drosophila embryo. A more refined subdivision is accomplished by the pair-rule genes, that include genes like even-skipped, runt and hairy. The transcriptional activation of the pair-rule genes depends on the maternal effects genes as well as on the gap genes (Pankratz and Jäckle, 1990) resulting in the iterated expression of each pair-rule gene in seven narrow stripes along the AP axis. These repeated stripes of pair-rule gene expression are the first sign of a metameric organization of the Drosophila body that becomes further refined by another class of genes termed the segment polarity genes. These genes, including members like engrailed, wingless, cubitus interruptus, and hedgehog, establish and maintain the parasegment boundaries and at the same time also establish the AP polarity of these segments (Hatini and DiNardo, 2001; Sanson, 2001) . This regulatory cascade is the molecular basis of the segmentation process in the ventral epidermis of Drosophila. Additionally, the cell biology of this process has been studied in great detail (e.g. Gonzalez et al., 1991; Strigini and Cohen, 2000; Greco et al., 2001; Simmonds et al., 2001; Wilkie and Davis, 2001 ). This has led to an in-depth insight into the developmental mechanisms of segmentation in Drosophila. Consequently, there is a wealth of data that can be used in comparative studies in other arthropods. Homologues of several segment-polarity and pair-rule genes have been studied in other insects, as well as chelicerates, myriapods and crustaceans (e.g. Hughes and Kaufman, 2002; Damen, 2002; Damen et al., 2000; Kraft and Jäckle, 1994; Patel, 1994; Brown and Denell, 1996; Niwa et al., 2000; Scholz, 1997) , but there are only few studies of gap or maternal genes in arthropods other than dipterans (e.g. Wolff et al., 1998; French, 2001 , and references therein). The available data suggest that at the level of the segment-polarity genes the segmentation process is very much conserved among extant arthropods (Damen, 2002) . However, at the level of the pair-rule genes there seems to be more diversity and the role of the gap gene homologues in non-insect arthropods is unclear. Finally, at the top level, some genes, which are key players in Drosophila, do not exist in other arthropods (e. g. bicoid; Stauber et al., 1999; Stauber et al., 2002; Brown et al., 2001) . The mechanisms of segmentation described above appear to be similar in both the ventral and dorsal epidermis of Drosophila (Bokor and DiNardo, 1996) , but they are not completely identical. A number of dorso-ventral differences have been described affecting the regulation of pair-rule as well as segment-polarity genes (e.g. Carroll et al., 1987; DiNardo et al., 1988; Bejsovec and Martinez Arias, 1991; Jagla et al., 1997; Buratovich et al., 2000) . However, despite these differences in regulation, the pattern and role of these genes seems to be similar in the dorsal and ventral epidermis and no dorsoventral differences are observed in the number of segmental structures such as dorsal and ventral exoskeletal plates (tergites and sternites) or leg pairs: each segment bears one tergite, one sternite and one pair of legs. There are, however, a few arthropod groups that display marked dorsoventral differences in the number of segmental structures, for example the diplopods. Diplopods (millipedes) belong to the Progoneata, which is the sister group of the Chilopoda (centipedes). Progoneates and chilopods together form the Myriapoda, one of the four extant classes of arthropods. Similar to other myriapods, the body of diplopods is subdivided into only two tagmata: head and trunk. The head bears the sensory antennae and two pairs of gnathal appendages (mandibles and maxillae). The trunk can bear up to 350 pairs of legs, which has earned them their common name "millipedes". Dorsally and ventrally the diplopods are covered with rigid cuticular armour plates termed tergites and sternites, respectively. In most arthropods, leg pairs, sternites and tergites are segmental structures: their number is identical and matches the number of segments. In diplopods the numbers of sternites and leg pairs also are identical, but the number of tergites does not match: they have much less tergites on their dorsal side than sternites/leg pairs on their ventral side. This difference is mostly attributed to a process called "diplosegmentation", but this process is far from being understood (see e.g. Emerson and Schram, 1990; Zrzavy and Stys, 1994; Minelli, 2001) . The correlation of the segments, leg pairs and exoskeletal elements in diplopods is very complex and is much under dispute (reviewed and discussed in Wilson (2002) ). In any case, the incongruity of dorsal and ventral segmental structures indicates a disassociation between dorsal and ventral segments and suggested to us that the mechanisms of segmentation might be different on the dorsal and the ventral side in the diplopods. We decided, therefore, to study the molecular basis of segmentation in a representative of the Diplopoda, the pill millipede Glomeris marginata. Glomeris belongs to the Pentazonia, which constitute a basal taxon in the Diplopoda. Investigating dorsal segmentation in Glomeris not only can help to gain insight into the enigmatic process of "diplosegmentation", but also adds to existing comparative studies of dorsal segmentation in the arthropods.
Here we have investigated orthologues of Drosophila segment-polarity genes that act at the lowest and presumably most conserved level in the segmentation gene cascade. We analyzed the expression of engrailed (en), hedgehog (hh), cubitus-interruptus (ci) and wingless (wg) and detected substantial differences in gene expression on the dorsal and the ventral side. Consistent with studies in other arthropods, we find that the ventral patterns are conserved also in the Diplopoda. By contrast, the dorsal patterns have no counterpart in Drosophila, implying fundamental differences in the molecular mechanisms underlying dorsal and ventral segmentation in Glomeris.
Materials and Methods

Glomeris marginata animals
Adult Glomeris marginata were collected in the Reichswald near Kranenburg (Germany) and the city forest of Cologne (Germany). The animals were kept at room temperature in petri-dishes supplied with moist soil and rotting beech leaves. Under these conditions the females produce several eggs that are laid singly surrounded by a protective cover made of earth. The eggs were collected, removed from their earth covers and dechorionated in 2% sodium hypochloride for 1-2 minutes.
Cloning of Glomeris genes
RNA was isolated from a mixture of embryos of different developmental stages (from about 1-14 days after egg laying) using TRIZOL (Invitrogen). Poly-A RNA was purified with the PolyATtract mRNA isolation system III (Promega) and used to produce cDNA using the SuperscriptII first strand synthesis system for RT-PCR (Invitrogen). Two independent duplicates were performed for each gene cloning assay (including RT-PCR, cloning and sequencing). Gene cloning assays were performed for Glomeris orthologues of en, hh, ci, and the Wnt gene family. The primers used to obtain fragments of engrailed and wingless/Wnt genes have been published before (Damen, 2002) . A fragment of the Glomeris orthologue of hedgehog was amplified using the primers hh-fw1 (GTN ATG AAY SAR TGG CCN GG) and hh-bw1 (AAC CAR TCR AAN CCN GGY TC) in an initial PCR, and hhfw2 (CAY TAY GAR GGN MGN GCN GT) and hh-bw2 (GCN ARN CKN GCN ARC ATN CC) in a nested PCR. Subsequently, a larger fragment of the Gm-hh gene was obtained by 3´ and 5´ RACE PCR. A Glomeris cubitus interruptus fragment was obtained using ci-fw (GAR ACN AAY TGY CAY TGG) and ci-bw (CCR TGN ACN GTY TTN ACR TG). The sequences for the different genes were determined from both strands on an ABI-377XL or ABI-3100 automated sequencer (Applied Biosystems), using Big Dye dye-terminators (Perkin Elmer). The sequences are available under accession numbers XXXX (Gm-en), XXXX (Gm-wg), XXXX (GmWnt7), XXXX (Gm-Wnt5), XXXX (Gm-ci), XXXX (Gm-hh).
Sequence analysis
For the similarity analysis we searched GenBank (Benson et al., 2003) using the pairwise alignment program Gapped BLAST (Altschul et al., 1997) . Alignments were produced based on the BLOSUM 62 residue comparison matrix (Henikoff and Henikoff, 1992) and gap costs at 11 for existence and 1 for extension. For the phylogenetic analysis sequences were aligned using the multiple alignment program Clustal X (Thompson et al., 1997) . The alignments were calculated on the basis of the blocks substitution matrix BLOSUM 62 using gap costs at 20 for existence and 0.2 for extension. The resulting alignments were then subjected to maximum likelihood analysis using the Quartet Puzzling Method (Strimmer and von Haeseler, 1996) as implemented in PAUP* 4.0b10 (Swofford, 2002) .
In situ hybridisation and cell nuclei staining
Glomeris embryos were fixed in a formaldehyde-heptane mixture (1:15) for 2-6 hours. The vitelline membrane was removed manually with Dumont-5 forceps. The in situ protocol follows in principle the steps as described by Tautz and Pfeifle (1989) , with some minor modifications (Prpic and Tautz, 2003) . We used DIGlabelled RNA probes. In our hands, the size of the probes should be longer than 250 nucleotides. Cell nuclei were made visible using DAPI. Incubation in 1µg/ml DAPI in PBST for 1 hour was followed by extensive washes in PBST.
Images
Embryos were analysed as whole mounts under a Leica MZFCIII dissection microscope equipped with an Axiocam (Zeiss). Brightness, contrast and color values were corrected in all images using the image processing software Adobe Photoshop (Version 5.5 for Apple Macintosh).
Results
Germ band development in Glomeris marginata
The embryonic development of the millipede Glomeris marginata (Myriapoda, Diplopoda) has been described by Dohle (1964 Dohle ( , 1974 . In spring and early summer the females of Glomeris continuously lay eggs of about 0.8 mm diameter, which they encapsulate as singletons with a protective shell of soil and leave on the ground. Thus, the exact point in time when the egg is deposited is not known for a given egg. Therefore, it was not possible to do a straightforward staging in which the development of the egg is followed from its fertilization onwards.
Rather, we collected and fixed embryos at different time intervals and we studied germ band morphology, cell nuclei distributions and segment addition using the nuclear dye DAPI and the segment marker gene engrailed. Subsequently the embryos were arranged into a developmental series and assigned to several developmental stages (Fig. 1 ). Our staging is based upon the staging in Dohle (1964) , but is refined in several instances in order to reflect better the stepwise addition of segments.
In the youngest embryos available, an accumulation of nuclei, the cumulus, is visible at the posterior end of the embryo (stage 0 or cumulus stage); the remaining nuclei of the blastoderm are distributed evenly across the egg surface (Fig. 1A, Fig  2A) . Shortly after (stage 0.1), the blastoderm undergoes further differentiation and the so-called regio germinalis and the regio dorsalis (Dohle, 1964) are recognized (Fig. 1B) . The regio germinalis has a higher density of nuclei and displays expression of the engrailed stripes of the prospective mandibular and first trunk segment ( Fig  1B, Fig. 3A) ; the regio dorsalis consists of tissue that will not contribute to the embryo proper, but becomes extra-embryonic tissue. At the anterior end of the regio germinalis an accumulation of cells is visible that indicates the developing head lobes (Fig. 1B, arrow) . During further development (stage 0.2 to 0.5; Fig. 1C-F ) the position of the additional segments becomes visible defined by engrailed expression. At stage 0.2, engrailed expression becomes detectable in the antennal segment and in the maxillary segment, while an additional engrailed stripe becomes visible within the cumulus (Fig. 1C, Fig. 3B ). The cumulus now becomes the so-called growth-or proliferation zone and during further development new segments proliferate from this area. At stage 0.3 engrailed expression starts appearing in the primordium of the post-maxillary segment (Fig.1D, Fig. 3C ), reaching full expression strength at stage 0.4 (Fig. 1E) . During stages 0.3 and 0.4 a second row of cells in the proliferation zone weakly expresses engrailed indicating the presence of now two segment primordia in the proliferation zone (summarized in Fig. 2B ). At stage 0.4 the subdivision of the developing embryo into regio germinalis, regio dorsalis and proliferation zone is very clear (see insert in Fig. 1E ). At stage 0.5 the pre-mandibular engrailed stripe in between the stripes of the antennal and mandibular segment appears, and at the posterior end the proctodaeum starts to invaginate (Fig. 1F ). Using engrailed expression as a marker we now can discern seven metamere primordia: the primordia of the antennal, pre-mandibular, mandibular, maxillary, postmaxillary, and first trunk segment that have been formed in the regio germinalis and the primodium of the second trunk segment that has been segregated by the proliferation zone. The six segments that form within the regio germinalis are thus of different developmental origin than the following segments, which all are segregated from the proliferation zone. Another remarkable point is that the sequence of appearance of the engrailed stripes in the regio germinalis is irregular, but stereotypic and is not in an anterior to posterior order (Fig. 3D) , whereas the remaining engrailed stripes are added sequentially from the proliferation zone. During stages 1 to 1.2 (Fig. 1G,H,I ) the germ band contracts along the left-right axis, the third trunk segment segregates from the proliferation zone and intersegmental grooves begin to demarcate the segments (Fig. 1G) . At stage 2 a new stripe of engrailed expression appears within the proliferation zone. In addition, the stomodaeum invaginates and the limb buds start developing in the antennal and mandibular segment (Fig. 1J) . At stage 3 also the limb buds of the first three trunk segments appear (Fig. 1K ). Most importantly, stage 3 denotes the introduction of true dorsal tissue (Fig. 1K, Fig. 2D ). The germ band as well as the proliferation zone hitherto consisted only of ventral tissue. Now at stage 3 the segments start extending tissue towards the dorsal side. The trunk segments 1-4 grow separate dorsal extensions (Fig. 1K) while the maxillary and post-maxillary segments initially develop separate dorsal extensions (Fig. 1K) , but later develop their dorsal portion together (Fig. 1L, arrow) . These extensions are termed lateral plates (Dohle, 1964) and during subsequent development they will expand dorsally and will finally fuse along the dorsal midline during dorsal closure. The lateral plates, despite their name, thus represent true dorsal tissue. Also the proliferation zone develops a dorsal component at stage 3 (Fig. 1K ). This alters significantly the quality of the segments it segregates during the following stages: they are given off fully equipped with ventral and dorsal ectoderm. Thus, for these segments (trunk segment 5 and following) there is no need to extend lateral plates as is required for the older segments. The dorsal extension of tissue in the procephalon, antennal, premandibular and mandibular segment is delayed and becomes obvious only at later stages (see Fig. 1N ).
At stage 4 the lateral plates have developed considerably (Fig. 1L) . At stage 4.1 eleven segments have formed (antennal to trunk segment 6) and one additional segment primordium is present in the proliferation zone as evidenced by expression of engrailed (Fig. 1M) . Germ band elongation is now approaching completion and at stage 5 the embryo starts to bend in (Fig. 1N) . At stage 5 the dorsal region of trunk segment 5 and 6 are joined together; this joint lateral plate of trunk segment 5/6 resembles very much the lateral plates of trunk segments 1 to 4, although it has another developmental history. Also trunk segment 7 and 8 develop a joint dorsal region (Fig. 1N , summarized in Fig. 2E ). At stage 6 the eighth trunk segment, the last embryonic segment, is formed and the embryo is rolling in (Fig. 1O) . On the dorsal side metameric constrictions appear, coinciding with the cells expressing engrailed (Fig. 1O ). These constrictions demarcate the boundaries of the developing tergites. At stage 6.1 the embryo is rolled in completely and head and anal valves are in close contact (Fig. 1P) . The dorsal tergites are clearly visible.
Gene cloning and sequence analysis
Degenerate primers were used in a RT-PCR approach to amplify cDNA fragments of genes orthologous to Drosophila engrailed (en), hedgehog (hh), cubitus interruptus (ci), and wingless (wg). For Gm-hh we obtained additional sequence information by RACE PCR. The sequences were submitted to similarity analysis using gapped BLAST (Altschul et al., 1997) and phylogenetic analysis (Swofford, 2002) .
We recovered a 286 bp fragment (six clones sequenced) with high similarity to engrailed genes from Drosophila and other metazoans. The fragment encodes a 95 aa polypeptide. This partial protein contains a part of the EH2 domain plus the EH3 domain, the homeodomain, and a part of the EH5 domain (Fig. 4) . A phylogenetic analysis shows that it represents the Glomeris engrailed orthologue (data not shown); we designate the gene from which the fragment derives therefore as Gm-en.
We have also recovered three different fragments with high sequence similarity to members of the Wnt gene family. One fragment is 366 bp long (4 clones sequenced) and robustly clusters together with Drosophila wingless and other metazoan Wnt1 class genes in a phylogenetic analysis (not shown). This fragment unambiguously represents the wg/Wnt1 orthologue from Glomeris and we therefore designate the gene from which the fragment derives as Gm-wg (Fig. 4) . In these RT-PCR screens we recovered two additional fragments of Wnt family genes, 312 bp and 276 bp long, respectively. The 312 bp fragment (1 sequenced clone) presumably is derived from the Glomeris Wnt-7 orthologue (Gm-Wnt7); the fragment of 276 bp (14 clones sequenced) is presumably derived from a Glomeris Wnt5 orthologue (GmWnt5). However, both the similarity analysis and the phylogenetic analysis did not produce unambiguous results and the correlations in the phylogenetic analysis were not statistically significant (reliability values below 50). Further sequence information is required for an unambiguous orthology assessment of both Wnt gene fragments, however they most likely represent the Glomeris Wnt-5 and Wnt-7 gene. Our screen for Glomeris Wnt genes is not exhaustive and we expect additional Wnt genes to be present in the Glomeris genome.
Fragments of two additional genes were obtained. A 426 bp fragment (8 clones sequenced) shows high similarity to ci from Drosophila and Gli genes from vertebrates (Fig. 4) . The phylogenetic analysis (not shown) demonstrates that it is orthologous to the Drosophila ci gene and we name the corresponding gene Gm-ci. Further we recovered 1715 bp of sequence that displays a high similarity to hedgehog genes ( Fig. 4 ; six clones sequenced). The sequence is incomplete at its 5´ end and contains a 511 aa open reading frame (from nt 1-1533) followed by 182 nt of 3'UTR. At the 3' end a poly-A sequence is present, preceded by a polyadenylation side. The conceptual translation results in a polypeptide containing an amino-terminal signaling domain (Fig. 4) and a Hint module (not shown). In addition, a hydrophobic region (VLLAVVLLVLVL) located N-terminal to the signaling domain probably is a transmembrane domain as described for other Hedgehog proteins (Tabata et al., 1992) . In a phylogenetic analysis the protein clusters with Drosophila HH (data not shown) and the corresponding gene is therefore designated as Gm-hh.
Differences in dorsal and ventral expression of the Gm-en gene
The sequence of appearance of Gm-en stripes has already been given above. Here we describe additional aspects of Gm-en expression, mainly focusing on dorsal-ventral differences in the expression. After the appearance of intersegmental grooves (around stage 1) it becomes obvious that the Gm-en transcripts are located in the posterior part of the segments. In these stages Gm-en is expressed in ventral tissue only, because no dorsal tissue is present yet. At stage 3 dorsal tissue develops on both the segments and the proliferation zone (Fig. 1K, Fig. 5A ,B). The dorsal extensions of the maxillary/post-maxillary segment and the first to fourth trunk segment do not immediately express Gm-en at stage 3, but Gm-en expression is first visible at stage 4 when it appears de novo in the lateral plates of trunk segments 1 to 4 (Fig. 5C,D) . Somewhat later (stage 5) Gm-en also appears very weakly in the dorsal extension of the maxillary/post-maxillary segment (Fig. 5E,F) . The expression in these dorsal extensions is discontinuous with the ventral expression and is shifted in relation to it to the anterior ( Fig. 5G,H) . In contrast, the dorsal region of the proliferation zone immediately expresses Gm-en as soon as the proliferation zone forms dorsal tissue from stage 3 onwards (Fig. 5A,B ). This dorsal Gm-en expression in the proliferation zone forms continuously with the ventral Gm-en expression of the future ventral trunk segment 5 (Fig. 5C,D) . However, at stage 5 this stripe of Gm-en expression splits into a dorsal and a ventral component, which are discontinuous (Fig. 5G,H) . The next stripe of engrailed expression (corresponding to trunk segment 6) is only present ventrally and no corresponding dorsal expression is visible ( Fig. 5C-F) . Within the proliferation zone the next segment primordium (trunk segment 7) is denoted by expression of Gm-en again in a continuous stripe that extends across both the ventral and dorsal region of the proliferation zone similar as for trunk segment 5 (Fig. 5E,F) , while at stage 6 the Gm-en expression in the presumptive trunk segment 8 is present in the ventral portion only, similar as for trunk segment 6. Thus from ventral trunk segment 5 onwards engrailed is expressed in the dorsal portion of alternating ventral segments only. At stage 6 the full embryonic complement of Gmen stripes is expressed. Ventrally, transcripts of Gm-en are present in the posterior portion of all segments. By contrast, on the dorsal side Gm-en is expressed in a stripe of cells roughly in the middle of the morphologically visible units (dorsal segments).
Apart from the metameric stripes Gm-en is expressed in two further structures. Starting with stage 0.5 Gm-en is expressed in a short stripe in the optic lobe (e.g. Fig. 5A ). A small patch of expression is also observed around the proctodaeum (Fig. 5C,D) .
Dorsal Gm-en stripes coincide with tergite borders
Dorsal and ventral segmental units thus do not correspond in a one-to-one manner. Rather, one dorsal unit can correspond either to one ventral unit or to two ventral units. Because of this, the correlation of dorsal and ventral Gm-en stripes is complex. Gm-en stripes on the ventral side of trunk segment 1 to 4 do have dorsal counterparts, but these appear to be shifted. The ventral Gm-en stripes in trunk segment 5 and 7 have direct (non-shifted) dorsal counterparts, whereas the ventral Gm-en stripes in trunk segment 6 and 8 do not have any corresponding part on the dorsal side. Also the dorsal Gm-en stripe in the maxillary/post-maxillary segment is neither continuous with the ventral Gm-en stripe in the maxillary segment nor with the one in the post-maxillary segment.
While the ventral Gm-en stripes at stage 6 are located adjacent to the ventral segment boundaries, the dorsal Gm-en stripes coincide with the boundaries between the forming dorsal exoskeletal elements (tergites) rather than with the boundaries between dorsal segments ( Fig. 1O,P) . The first dorsal Gm-en stripe (the weak stripe in the dorsal portion of the maxillary/post-maxillary segment) demarcates the posterior end of the head capsule. The following six Gm-en stripes coincide with the edges of the six tergites. The last dorsal stripe is located dorsal to the proctodaeum and just anterior to the anal valves (Fig. 1P) . Although no morphological unit corresponding to a tergite is present yet at this location this stripe probably indicates the posterior edge of the developing seventh tergite, which is present in freshly hatched Glomeris.
Expression of the Gm-hh gene
Gm-hh is expressed in a segmentally iterated pattern, very similar to Gm-en. At early stages Gm-hh is expressed in stripes in the ventral ectoderm in the posterior part of the segments (Fig. 6A) . In stage 3 embryos weak stripes of Gm-hh also become visible in the dorsal segmental units adjacent to the trunk segments 1 to 4 (Fig. 6B,C) , and (somewhat later) also in the maxillary/post-maxillary segment (Fig.  6D ). This hh expression in the dorsal portions of the maxillary/post-maxillary segment and trunk segments 1 to 4 appears de novo, is discontinuous with the ventral expression, and is located in the middle of the dorsal segmental units. Thus, expression of Gm-hh is virtually identical to the expression of Gm-en (compare to Fig. 5 ). However, in contrast to Gm-en, the ventral segmental Gm-hh expression does not persist throughout embryonic development and vanishes from older segments (Fig. 6C) . While the Gm-hh expression disappears in the ventral segments, it persists in the dorsal segments and the limb buds, which becomes even more prominent at stage 5 (Fig. 6D) . Identical to the Gm-en expression pattern, Gm-hh stripes are found in the dorsal tissue adjacent to the fifth and seventh trunk segment, but not to the sixth and eighth trunk segment (Fig. 6E,F) . These two dorsal stripes at first are continuous with the expression in ventral trunk segments 5 and 7, but soon loose their connection with the ventral stripes of Gm-hh expression. The expression in the dorsal portion of the maxillary/post-maxillary segment is weak at all times (Fig. 6D) . Finally, and again similar to the expression pattern of Gm-en, at stage 6.1 Gm-hh is expressed in an additional stripe just anterior to the anal valves (Fig. 6G,H) . Similar as Gm-en expression, the dorsal Gm-hh expression coincides with the tergite borders when they become apparent at stage 6.
Gm-hh is also expressed in other structures. There is an accumulation of transcripts in the stomodaeum (Fig. 6A) , which is not the case for transcripts of Gmen. Also a staining of the intestinal tract is visible in stage 5 (Fig. 5D) . It is unclear, however, whether this staining is specific, because similar, but weaker unspecific staining in the gut is also seen in some preparations with other genes. A specific staining would support a role in gut development, consistent with studies in Drosophila (Pankratz and Hoch, 1995; Hoch and Pankratz, 1996; Takashima and Murakami, 2001) and Gryllus (Inoue et al., 2002) . Finally, Gm-hh is also expressed in the optic lobes, similar to Gm-en (Fig. 6A) .
Expression of wingless and other Wnt genes in Glomeris embryos
Similar to engrailed and hedgehog also Gm-wg is expressed in a segmentally iterated pattern (Fig. 7A) . In contrast to Gm-en and Gm-hh, the Gm-wg gene is expressed discontinuously in each segment with a gap at the ventral midline (Fig.  7A ). Similar to Gm-hh also the ventral segmental expression of Gm-wg vanishes in older segments (Fig. 7B) . Therefore, in older embryos only the newly formed segments show Gm-wg expression (Fig. 7B) . The expression in the limb buds persists. Expression of Gm-wg was never detected in the dorsal segments. Double labeling for Gm-en and Gm-wg shows that Gm-wg is expressed roughly in the middle of the ventral segments in cells anteriorly adjacent to those cells expressing Gm-en (Figs. 7F-H). Our in-situ hybridization technique would not be able to detect a small overlap of both genes at the border of their expression, but judging from the expression in single probe preparations, we think there is no overlap between expression of Gm-en and Gm-wg.
Apart from the segmental expression Gm-wg transcripts are also located in all appendages of the head and trunk, the optic lobes, and the proctodaeum. In older stages two dots of expression occur in the labrum (Fig. 7B) .
In addition to the Gm-wg gene, we also isolated two other members of the Wnt gene family. As described above the orthology assessment of these two Wnt genes is not completely clear, but one of them might belong to the Wnt7 class (GmWnt7), while the other one might be a member of the Wnt5 class of Wnt genes (GmWnt5). Transcripts of Gm-Wnt7 also accumulate in segmental stripes approximately in the middle of each ventral segment (Fig. 7C,D) . But in contrast to Gm-wg the stripes of Gm-Wnt7 are continuous without a gap at the midline (Fig. 7C ) and this segmental expression remains throughout development and does not fade in older segments (Fig. 7D) . Like Gm-wg, Gm-Wnt7 never shows segmental stripes of expression in the dorsal portion of the germ band, but is expressed in the primordium of the heart (Fig. 7D) . Further, Gm-Wnt7 is expressed in the proctodaeum, all appendages, and in the optic lobe (Fig. 7C,D) , but not in the labrum.
Gm-Wnt5 is expressed in the optic lobes, stomodaeum, all appendages, the neuroectoderm and the heart primordium ( Fig. 7E) . Gm-Wnt5 does not seem to be involved in segmentation at all since Gm-Wnt5 is never expressed in segmental stripes in either ventral or dorsal segments.
Expression of the Gm-ci gene
Compared to the distinct patterns of the previous genes the expression of Gmci is more diffuse. On the ventral side of younger stage embryos strong expression is detected in the anterior part of all segments including the head segments (Fig. 8A) . This expression does not persist (Fig. 8B, arrow) and in older stages ventral expression of Gm-ci is restricted to cells of the central nervous system (Fig. 8C) , the appendages and younger segments in or near the proliferation zone.
Remarkably, on the dorsal side strong Gm-ci expression is seen in the posterior part of the dorsal extensions of the maxillary/post-maxillary segment and the four trunk segments 1 to 4 (Fig. 8C,F,G) . In the two following dorsal segments, which on the ventral side correspond to trunk segments 5/6 and 7/8, respectively, Gm-ci is activated in the posterior part as well. This dorsal Gm-ci expression is continuous with the ones in the sixth and eighth ventral trunk segment (Fig 8D,H) . This posterior pattern where expression in the dorsal segments corresponds to ventral expression in every other ventral segment is similar to what is observed in the patterns of Gm-en and Gm-hh, except that the dorsal expression of en and hh corresponds with ventral expression in trunk segments 5 and 7, rather than 6 and 8.
Apart from the segmental expression and the expression in the developing ventral nerve cord, transcripts of Gm-ci are also detected in the stomodaeum, the proctodaeum and in the brain (see Fig. 8A-D) .
Discussion
Three distinct populations of segments in Glomeris
Our results show that the appearance of body segments takes place in distinct ways in Glomeris. The anterior segments (antennal to first trunk segment) develop from the regio germinalis, i.e. the tissue in front of the cumulus/proliferation zone. During a rather short period between stage 0.1 to 0.5 these six segments form more or less simultaneously as the result of a subdivision of the regio germinalis. This is obvious from the appearance of the engrailed stripes in the regio germinalis rapidly after each other in a stereotyped order (Fig. 3) . The remaining posterior segments segregate sequentially from the proliferation zone. This is different from what is seen in Drosophila and other long-germ insects, where all segments and not only a number of more anterior segments form simultaneously. The way of segment formation in Glomeris is equivalent to the so-called short germ band mode of development, in which anterior segments become patterned almost simultaneously, while the posterior segments grow sequentially from a posterior proliferation zone. Short germ band development is seen in most arthropods, ranging from insects (e.g. Schistocerca, Tribolium) and crustaceans to chelicerates (Tautz et al., 1994, Davis and Patel, 2002) . Long germ band development on the other hand is found in higher insects only and is thought to be a derived adaptation to rapid embryogenesis.
However, additional aspects in the appearance of segments can be distinguished in Glomeris with respect to the formation of the dorsal segments. The anterior segments (up to fourth trunk segment) at first consist of ventral ectoderm only and develop their dorsal portion at a later stage of embryogenesis, while the posterior segments (fifth to eighth trunk segment) are equipped with both ventral and dorsal tissue the instant of their formation. Three groups of segments thus can be distinguished in Glomeris, first the segments up to the first trunk segment, that form by subdivision of the regio germinalis and that develop their dorsal tissue later in development. Second, the trunk segments 2 to 4 that form sequentially from the proliferation zone and similar to the first group develop dorsal tissue later. The segments of the third group (trunk segment 5 to 8) form sequentially from the proliferation zone, similar to group 2, but consist of both ventral and dorsal tissue at the moment of their appearance. So far it is unclear whether the boundaries between these three groups of segments correspond to functional developmental boundaries. The boundary between the fourth and fifth trunk segment (group 2 and 3) corresponds to a rather pronounced morphological boundary in Glomeris and most other diplopod species, i.e. the transition between haplosegments and diplosegments. The boundary between the first and second trunk segment (group 1 and 2) does not correlate with any obvious morphological boundary in Glomeris, but does so in other myriapod groups where it often correlates with a change of appendage morphology. In symphylans, for example, the legs on trunk segment one have fewer podomeres than the remaining legs or are even entirely reduced. In chilopods this boundary marks the transition between gnathal appendages (maxilliped) and the remaining locomotory legs. Also in the pauropods, the sister group of the diplopods, the legs on trunk segment one have fewer podomeres than the remaining trunk legs.
Mechanistic separation of dorsal from ventral segmentation
The most remarkable outcome of our study is that the segment polarity gene homologues show differential expression on the dorsal and ventral side of the Glomeris embryo. Three of the analyzed genes (Gm-en, Gm-hh, and Gm-ci) are expressed in segmentally iterated patterns on both the ventral and the dorsal side, but the ventral and dorsal expression domains are at different intra-segmental positions (Fig. 9A) . Furthermore, the Glomeris wg gene is only expressed ventrally, but not dorsally. The expression patterns suggest that the genes are regulated differently at the ventral and dorsal surface of the embryo, implying that a disassociation of dorsal and ventral segmentation exists in Glomeris. In addition, in the posterior trunk there is a discrepancy in the number of dorsal and ventral segmental units as one dorsal unit correlates with two ventral units here (Fig. 9B ). This phenomenon of diplo-segmentation thus is also obvious in the expression patterns of the segmentation genes.
Dorso-ventral differences in gene regulation are also known from Drosophila, but they do not result in such conspicuous morphological dorso-ventral differences as in diplopods like Glomeris. Several key regulators of segmentation are differently regulated along the dorso-ventral axis in Drosophila. For instance, en shows differential dorso-ventral sensitivity to the loss of extradenticle (exd) function (Peifer and Wieschaus, 1990) , and consistent with this, dorso-ventral differences in enpromoter activity have been demonstrated (DiNardo et al., 1988) . In addition, there is a dorso-ventral discrepancy in the regulation of wg. Removal of hh function in embryos 4 hours after egg laying and older results in loss of wg expression in almost the entire ventral epidermis, but not in the dorsal epidermis (Buratovich et al., 2000; Heemskerk and DiNardo, 1994) . Furthermore, the maintenance of wg expression shows dorso-ventral differences. The gooseberry gene (gsb) is required for maintaining the ventral, but not the dorsal expression of wg, whereas activity of the ladybird genes (lbl and lbe) is required for wg expression on the dorsal, but not on the ventral side (Jagla et al., 1997) . Another example of different dorso-ventral regulation comes from the periodicity of fushi-tarazu (ftz) stripes that is even on the ventral side of early Drosophila embryos, but is irregular on the dorsal side, presumably caused by the activation of ftz at different time-intervals on the dorsal and the ventral side (Carroll et al., 1987) . Thus, there are several pieces of genetic evidence for dorsoventral differences in the regulation of segmentation genes in Drosophila. Also in other arthropods dorso-ventral differences concerning segmentation genes have been discovered. Including the present report, differential gene expression has been reported in the notostracan crustacean Triops longicaudatus (Nulsen and Nagy, 1999) , the spider Cupiennius salei (Damen, 2002) and the millipede Glomeris marginata. Most intriguingly, the gene expression differences in Triops and Glomeris correlate with dorso-ventral differences in the number of segmental morphological structures in these species like leg pairs and tergites. As mentioned in Glomeris in the posterior trunk one tergite covers two leg pairs, but in Triops one tergite can be associated with up to 6 pairs of legs. Thus, both morphologically (multiple leg pairs per dorsal tergite) and genetically (differential gene expression) the conditions in the myriapod Glomeris and the crustacean Triops are strikingly similar and suggest a decoupling of dorsal and ventral segmentation. This may not be restricted to these special cases as similar conditions are found also elsewhere in the arthropods. Almost all progoneate myriapods display incongruity in the number of ventral sternites and dorsal tergites. Diplopods, including Glomeris, and most pauropods have less tergites than sternites, whereas symphylans have more tergites than sternites. Comparable disassociation between dorsal and ventral segmentation exists in other notostracan crustaceans (Lepidurus) and also several fossil forms are reported to display dorsoventral discrepancies, some of which are considered as basal arthropods (e.g. Fuxianhuia, xandarellids, tegopeltids) (Chen et al., 1995; Ramsköld et al., 1997; Ramsköld et al., 1996) , whereas others are credited with close relationship to myriapods (e.g. arthropleurids, kampecarids and euthycarcinoids) (Shear, 1997) .
The dorso-ventral differences in gene regulation, gene expression and morphology in arthropods as diverse as insects, chelicerates, myriapods, crustaceans and "trilobitomorphs", suggest that this dorso-ventral decoupling of segment formation even might have an ancestral origin. In most cases dorsal and ventral segmentation apparently are coordinated with each other, leading to identical numbers of dorsal and ventral segments. However, in some cases (progoneate myriapods, notostracan crustaceans, fossil forms) the differences in dorsal and ventral segmentation lead to discrepancies in the number of dorsal and ventral segments.
Conservation of maintenance of the parasegment boundaries in the ventral ectoderm
In Glomeris, the expression patterns of en, hh, wg, and ci in the ventral ectoderm are very similar to Drosophila and other arthropods (e.g. Patel et al., 1989; Martinez Arias, 1993; Nagy and Carroll, 1994; Niwa et al., 2000 , Damen, 2002 Hughes and Kaufman, 2002) . Transcripts of en and hh co-localize to posterior cells of each ventral segment in Glomeris, whereas wg and ci are expressed in anteriorly adjacent cells. These patterns are compatible with a conserved reciprocal regulatory loop between en and wg expressing cells on either side of the parasegment boundary, as known from Drosophila (Fig. 9C) . In Drosophila, this parasegment boundary is maintained by the mutual interaction of wg/ci expressing cells and en/hh expressing cells (reviewed in Gilbert, 1997) . The HH protein is secreted by the en/hh expressing cells and activates ci in anteriorly responding cells leading to expression of wg in these cells. The WG protein then is segregated and signals back to posteriorly responding cells resulting in the activation of en and hh. This reciprocal loop stabilizes the transcription of wg and en in adjacent cells and defines the parasegment boundary that forms the basis for the metameric organization of the Drosophila body (Lawrence, 1981; Martinez-Arias and Lawrence, 1985) . The fact that hh, wg and ci expression ceases in older segments in Glomeris while at the same time en expression persists suggests that at this time activation of en has become independent of the maintenance loop involving HH and WG signaling. This is reminiscent of the transition in Drosophila from the wg/en maintenance loop to wg independent autoregulation of en (Heemskerk et al., 1991) . Thus, both the parasegment boundary and the mechanism maintaining it apparently are conserved in the ventral epidermis of Glomeris, which is also consistent with findings in other arthropod species (Hughes and Kaufman, 2002; Damen, 2002) .
The diverged dorsal expression patterns coincide with developmental boundaries of the tergite borders
In contrast, the expression patterns of these genes in the dorsal ectoderm differ significantly from the conserved ventral expression patterns (Fig. 9A) . First, en and hh do not localize to posterior cells, but to cells approximately in the middle of the dorsal morphologically segmental units as delimited by intersegmental grooves. Second, ci is expressed in posteriorly adjacent cells, not anterior to the en/hh expressing cells. Third, neither wg nor one of the other analyzed Wnt genes (GmWnt5 and Gm-Wnt7) are expressed in the dorsal segments at all. The intra-segmental position of en and hh expression as well as the lack of ci and wg/Wnt expression anterior to the en/hh expression suggest that the HH/WG reciprocal loop that defines the parasegment boundaries in the ventral ectoderm does not act in the dorsal ectoderm of Glomeris. Thus, the regulatory interactions in the dorsal ectoderm must be different from the ones on the ventral side. Despite these differences, also at the dorsal side the boundary between en/hh and the posterior ci expressing cells forms an important developmental boundary as at later stages it coincides with the tergite borders. Based on the expression patterns, one might speculate on the role of these genes in defining the tergite borders in the dorsal ectoderm of Glomeris. Much as in the ventral ectoderm, en and hh are co-expressed also in the dorsal ectoderm, but there is no ci expression anterior to the en/hh expressing cells, but posterior (Fig. 9A) . It is possible therefore that signalling by HH activates ci in posterior instead of anterior cells. At the moment it is entirely unclear whether the ci expressing cells signal back to the anterior en/hh expressing cells, but this seems likely since mutual cell-to-cell communication is a common theme in boundary formation in many developmental contexts. Unfortunately, we were not able to identify a candidate signal in the ci expressing cells. Given the mechanism of parasegment formation in Drosophila, wg or another Wnt gene would be the first choice candidate, but we could not detect any expression of the identified Wnt genes in the dorsal ectoderm. We speculate that another gene encoding a signaling molecule ("X" in Fig. 9D ) might be activated by ci. The result would be a reciprocal signaling loop that is defining the tergite borders in the dorsal ectoderm. Future research has to elucidate whether indeed such a reciprocal signaling loop exists in the dorsal epidermis of Glomeris and, if so, what molecules are involved. In any case, the expression patterns make clear that the border between en/hh and ci expressing dorsal cells coincides with an important morphological boundary, i.e. the tergite borders.
Sternite-tergite correlation in Glomeris and other diplopods
The discovery of dorso-ventral patterning differences in the diplopod Glomeris made us reconsider the existing theories on the presence of haplosegments and diplosegments in the Diplopoda. We find that in the trunk one has to discriminate between dorsal and ventral segments, which are patterned differently. One result of this decoupling of ventral and dorsal segmentation is that the tergite borders do not correspond directly to either ventral or dorsal segment borders. These findings facilitated a critical reinvestigation of previous attempts to correlate tergites, sternites, leg pairs and body segments.
The correlation of tergites and legs in adult diplopods is ambiguous and therefore is currently discussed controversially (Wilson, 2002 and references therein).
In basal diplopods (e.g. Pentazonia including Glomeris) the tergites are free and correlate with ventral elements (sternites, legs) in an unclear manner. A possible solution brought forward to solve this dilemma is provided by derived diplopods (e.g. Juliformia, Polydesmida) (see Wilson (2002) ): in these diplopods dorsal and ventral elements are fused into rigid cuticular rings, which could facilitate their correlation. The first tergite behind the head capsule, tergite I or collum, is free and is thought to cover the post-maxillary segment (see discussion in Dohle, 1974) . All following tergites are fused with ventral skeletal elements into rings. The first three of these rings each bear a single pair of legs, but the following rings have two pairs of legs each (Fig. 9B) . If this correlation is taken as an indicator of tergite-leg correlations, then tergite II correlates with leg pair 1, tergite III with leg pair 2, tergite IV with leg pair 3, tergite V with leg pairs 4 and 5, and tergite VI with leg pairs 6 and 7 (Fig. 9A) . What is most conspicuous here is of course that the more anterior tergites II, III and IV correlate with only one leg pair, but starting with tergite V each tergite correlates with two leg pairs and thus appears to cover two segments. The latter tergites are termed diplotergites and define the location of the diplosegments. The leg bearing segments 4 and 5 therefore form the first diplosegment. A possible pitfall of this hypothesis is that the fusion of the ventral and dorsal elements into rings in the ringforming diplopods is a highly derived process and therefore the resulting armour rings may not reflect the ancestral underlying body architecture.
Another hypothesis that tries to circumvent this problem derives from embryological data and leads to a different outcome (Fig. 10 C,D) . Dohle (1964 Dohle ( , 1974 has studied the embryology of several diplopod species and has found that the trunk segments develop dorsal extensions (lateral plates). The first four leg-bearing segments each develop a single dorsal extension, but segments 5 and 6 develop one single lateral plate together. The same is true for the following leg bearing segments: they pair up to develop a joint lateral plate. Dohle consequently regards these segment pairs, starting with leg bearing segments 5/6, as the diplosegments, whereas the more anterior segments are the haplosegments. He attributes the first diplotergite (tergite V) to the first diplosegment (leg bearing segment 5 and 6) and then has to assign the preceding four haplotergites (tergite I (collum) to tergite IV) to the preceding four haplosegments (leg bearing segments 1 to 4) (Fig. 10C ). This notion of tergite-legs assignment very obviously contradicts the situation present in adult ring-forming species. For example, according to Dohle´s view tergite II correlates with leg pair 2, but in ring-forming species this tergite clearly is integrated into the ring bearing leg pair 1. Therefore, Dohle assumes that his proposed tergite-leg correlation is conserved only in basal forms with free tergites. For ring-forming species he has to assume that during ring formation tergites and sternites fuse in a shifted manner (Fig. 10D) . Thus, the process of ring-formation in ring-forming species supposedly secondarily obscures the underlying ancestral tergite-leg correlation present in non ring-forming species.
Our results now provide an answer why the two approaches lead to incompatible results. We show that dorsal and ventral segmentation is decoupled and that therefore in the trunk dorsal and ventral ectoderm have to be considered separately. One result of the independent pattern formation in the dorsal epidermis is that the borders between the tergites do not correspond to the borders between the segments, neither the ventral nor the dorsal ones. Thus, the erroneous notion that tergite borders must always correspond to segment borders led to the inconsistencies in earlier models of tergite-leg correlations summarized above. The tergites in Glomeris consistently span from the middle of one dorsal embryonic segmental unit to the middle of the next dorsal embryonic segmental unit (Fig. 10E) . Because one dorsal segment can correlate with one or with two ventral segments a tergite can cover up to two complete ventral segments (tergite VI), but most tergites cover the posterior half of one ventral segment and the anterior half of the following one (tergites II, III and IV). Tergites I and V are special in that both span one and a half ventral segments.
In the previous models diplosegments are defined as a set of two segments being covered by a diplotergite, whereas haplosegments are defined as a single segment covered by a haplotergite. Our results not only show that the term "segment" as such is not informative in diplopods, since dorsal and ventral segments are different, but they also show that the manner in which the tergites correlate with ventral segments is complex. Therefore, the terms haplotergite and diplotergite cannot be applied in their original sense, and we do not use them here. Consequently, we cannot use the "diplotergites" as indicators of the diplosegments. What entities can then be termed diplosegments? We suggest that the term diplosegment is applied exclusively to sets of two ventral segments correlating with one dorsal segment. The term haplosegment is then to be used for single ventral trunk segments that correlate with a single dorsal segment. Accordingly, the Glomeris trunk consists of four haplosegments, followed by diplosegments. The first diplosegment is the set of ventral trunk segment 5 and 6, consistent with the findings of Dohle (1964 Dohle ( , 1974 . Now that we have established the tergite-leg correlation in basal non ringforming diplopods (e.g. Glomeris), how can the situation in derived ring-forming species be explained? Again, the fact that the tergites and sternites do not correlate directly may provide the answer (see Fig. 10E,F) . We suggest that the posterior tergites fuse with their counterparts on the ventral side (e.g. tergite VI fuses with the sternites of ventral segment 6 and 7, thus forming a single ring with two pairs of legs). By contrast, each of the anterior tergites (e.g. tergite II) covers the posterior half of one ventral segment and the anterior half of the following ventral segment. In order to form a ring each tergite therefore has to "choose" between these two alternatives (e.g. tergite II may either fuse with the sternite of ventral trunk segment 1 or with that of segment 2). Obviously, the tergites fuse with the anterior alternative: tergite II fuses with the sternites of ventral trunk segment 1, and so forth. Tergite I remains free and forms the collum. Tergite V fuses with the sternites of ventral trunk segment 4 and 5 and thus forms the first ring with two leg pairs. Taken together, this mode of fusion of exoskeletal parts leads to a free collum, followed by three rings with one leg pair, which are then followed by rings with two pairs of legs each (Fig.  10F) . This is the actual situation in ring-forming species and it has been derived from the situation in non ring-forming species (Fig. 10E) . Thus the underlying bauplan of the trunk in ring-forming species is not different from non ring-forming species and still consists of four haplosegments, which are followed by a number of diplosegments. In the past, the seemingly different trunk architecture in ring-forming and non ring-forming species has caused much confusion. In order to avoid further confusion caused by the presence of four single-legged segments, but only three single-legged rings we propose to use the terms haplosegment and diplosegment exclusively for the true body segments (as described above), whereas the terms haploring and diploring should be used for cuticular rings (in adult animals) with one and two pairs of legs, respectively. Brown, S., Fellers, J., Shippy, T., Denell, R., Stauber, M., Schmidt-Ott, U., 2001. A strategy for mapping bicoid on the phylogenetic tree. Curr. Biol. 11, R43-R44. Fig. 1 and refer to the Results section. Abbreviations: an, antennal segment; pmd, pre-mandibular segment; md, mandibular segment; mx, maxillary segment; pmx, post-maxillary segment; T1 to T6, trunk segments one to six. Gilbert (1997) . (D) A modified loop is hypothesized to operate in the dorsal epidermis of Glomeris, the difference being that the cells located posterior to the en/hh expressing cells are competent for the HH signal. Similar to the ventral situation, Hedgehog protein could activate signal transduction via Gm-ci in posteriorly adjacent cells. However, to close the loop another signal (hypothetical protein "X") is required. See Discussion for a more detailed description. Fig. 10 . Sternite-tergite correlation in basal and in derived (ring-forming) diplopods. Tergites are denoted by roman numerals. Sternites and legs are identified by trunk segment in arabic numbers. (A,B) View based on anatomical studies in adult ringforming millipedes. In these species the dorsal and ventral exoskeletal elements (tergites and sternites) are fused into rings, thus facilitating their correlation (B; elements of the same shade of grey fuse into rings, e.g. tergite II fuses with the sternites of trunk segment 1 and so forth). This actual situation in ring-forming species leads to a generalized model of tergite-sternite-leg pair correlation depicted in (A). (C,D) View based on embryological studies. Dohle (1964) realized that trunk segments 5 and 6 (and also 7 and 8) develop joint dorsal tissue (C). Therefore, the first diplotergite (tergite V) is attributed to the first diplosegment (trunk segments 5/6), obviously contradicting the previous model (A) and the actual situation in ringforming species (B). Therefore, a shift in the fusion of dorsal and ventral exoskeletal plates in ring-forming species has to be assumed (D). (E,F) View based on embryology and gene expression. (E) We confirm the presence of joint dorsal portions of trunk segments 5/6 and 7/8, thus determining the true location of the diplosegments. However, tergite boundaries coincide with roughly the middle of the dorsal segments, rather than with segment borders as was thought previously. Thus, correlation of the tergites with the ventral elements (sternites, legs) is complex. (F) Since there is no direct correlation between tergites and segments in the sense that a tergite can be attributed to a specific ventral or dorsal segment, we suggest that for the formation of rings each tergite simply fuses with the spatially correlating ventral elements. This would lead to the tergite/leg pairs correlation actually observed in adult ring-forming species. Please refer to the Discussion section for further details. Abbreviations: hd, remaining part of the head; max, maxillary segment; pmx, postmaxillary segment; t, telson. Gm-CI KGCAKEFNTQDELVKHINNDHIHTNKKSFVCRWKECSRDEKPFKAQYMLVVHMRRHTGEKPHKCTFEGCSKAYSRLENLKTHLRSHTGEKPYMCEFPGCTKAFSNASDRAKHQNRTHSNEKPYVCKAPGCTKRYTDPSSLRK Cs-CI
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